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Waterfowl abundance and breeding success fluctuate synchronously with changes in the abundance of small mammals in arctic ecosystems (Pehrsson 1986 , Summers & Underhill 1987 , Wilson & Bromley 2001 . Similar patterns have been reported on the North American prairies where duck productivity correlates positively with rodent densities (Byers 1974 , Weller 1979 , Crabtree & Wolfe 1988 , Ackerman 2002 . Top-down prey regulation by shared predators is most often hypothesized as the main mechanism linking fluctuations in abundance of small mammal populations and duck productivity (e.g. Greenwood 1987 , Wilson & Bromley 2001 , Ackerman 2002 . In such relationships, one prey type affects predator abundance and behavioural response, which indirectly influences predation on another prey type (Holt 1977 , Holt & Lawton 1994 . Indirect effects on waterfowl productivity can be manifested through predators switching prey types (Lack 1954 , Angelstam et al. 1984 , sharing prey types (Norrdahl & Korpimäki 2000) , by changing prey encounter rates (Schmidt 1999) , or other intrinsic and extrinsic mechanisms (see Batzli 1996) .
To our knowledge, there are no reports linking boreal breeding duck productivity to fluctuation in coexisting prey abundance, particularly within the well-known North American 10-year boreal cycle (e.g. Lack 1954 , Keith 1963 , Boutin et al.1995 , King & Schaffer 2001 , and references therein). The 10-year cycle is one of the most striking and ecologically dominating features of the boreal forest (Krebs et al. 2001a ) where most animal populations fluctuate predictably every 8-13 years (Keith 1963 , Keith 1990 ). These fluctuations are driven by interactions among numbers of the keystone herbivore, snowshoe hare Lepus americanus (Begon et al. 1990 , their food supply and predators (Lack 1954 , Keith 1963 , Vaughan & Keith 1981 , Krebs et al. 2001a , Krebs et al. 2001c .
Although the relationship between hares and lynx Lynx canadensis is the best understood aspect of the cycle (Moran 1953) , several other boreal forest vertebrates, both predator and prey, fluctuate with the abundance of hares (Keith & Cary 1991 , Doyle & Smith 1994 , Krebs et al. 2001c . Grouse populations cycle with hares (Angelstam et al. 1984 , Hannon et al. 1998 , Martin et al.2001 , declining one to two years prior to hares (Keith & Rusch 1988) . Vole (Microtus spp. and Clethrionomys spp.) populations, however, appear to fluctuate independently from hare abundance (Gilbert & Krebs 1991 , Krebs et al. 2001c ) and, in some areas, vole numbers correlate with the abundance of predators such as weasels Mustela spp. and northern hawk owls Surnia ulula .
In boreal forest, generalist predators are known to prey on small mammals, forest birds and waterfowl. For example, the red fox Vulpes vulpes feeds on rodents, snowshoe hares, grouse (Voight 1987 , Banfield 1974 and nesting waterfowl and their eggs (Sargeant 1978 , Cowardin et al. 1985 . Red fox also fluctuate synchronously with prey abundance (Finerty 1980 , Lindström 1980 , Jones & Theberge 1983 and may link fluctuations in boreal prey populations. Our objective was to determine whether productivity of lesser scaup Aythya affinis and mallards Anas platyrhynchos was correlated with coexisting prey abundance in boreal forest of western Canada following the predictions of top-down predator regulation on coexisting prey in the 10-year boreal cycle.
Material and methods

Lesser scaup and small-mammal surveys
Breeding adult scaup were surveyed in mid-May and mid-June, 1989-2001 near Yellowknife, Northwest Territories, Canada. The Yellowknife Study Area (YKSA) is located in subarctic taiga and is described by Fournier & Hines (1999) . During each survey, field crews visited all ponds and wetlands on the study area between 06:00 and 10:00 during a three-day period. Large ponds were surveyed by canoe. Scaup were recorded as alone, paired or grouped (Trauger 1971) , and the number of indicated pairs was estimated following Dzubin (1969) . As scaup population sex ratios are male biased (Allen et al. 1999) we used the estimated sex ratio from the May survey to improve the accuracy of estimated scaup pairs for the June survey by adjusting the mid-June survey results for paired males that may have mistakenly been recorded as lone males. As females are most vulnerable to mortality while nesting, we assumed little or no mortality bias in the sex ratio correction because the mid-June survey was sufficiently early in the breeding season that few nests were initiated (Brook 2002) , and little or no female mortality had yet occurred.
Broods and the number of ducklings of each age class (Gollop & Marshall 1954) were counted during surveys conducted in good weather in mid-July and midAugust following the same methods as pair surveys. The number of broods was corrected for possible double counting in the two surveys based on duckling age class estimated from their size and feather appearance (Gollop & Marshall 1954) . A visibility correction was not applied to pair or brood counts because they were considered highly visible, and visibility probably did not vary annually.
Abundance for rodent species was estimated using snap-trap transects in August from 1991 to 2000 (Shank 1997 , Carrière 1998 . The number of rodents captured per trap-night (corrected for misfires and non-target species) was used as an index of abundance. For hares, counts of faecal pellets were conducted in August of every year from 1988 to 2000, except 1997 and 1998 , following the methods of Krebs et al. (2001b) . Hare densities were estimated from the known relationship between hare numbers and pellet counts using functional (log-log) regression corrected for bias (Krebs et al. 2001b ). This pellet count method estimated the mean density of hares/ha for the year preceding the count. Both snap-trapping and pellet counts for the Yellowknife station were done within 50 km of YKSA. Indices of hare and rodent abundance were also estimated for other boreal forest locations in the Northwest Territories (Fort Smith, the Bison Sanctuary near Fort Providence and Norman Wells) using the same methods as above (Fig. 1) .
We conducted a correlation (Pearson correlation: PROC CORR; SAS Institute Inc. 1990) and regression analysis on annual indices of rodent abundance (PROC GLM; SAS Institute Inc. 1990) and hare density (Geometric Mean Regression; Sokal & Rohlf 1995: 544) with estimates of scaup productivity. We used geometric mean regression because there was relatively large error in estimates of hare density (Krebs et al. 2001b ) violating assumptions of model 1 linear regression (Sokal & Rohlf 1995:456) . Second order polynomials were also tested in regressions to determine if relationships were curvilinear. Rodent abundance was a composite index of red-backed voles Clethrionomys spp., meadow voles Microtus spp. and deer mouse Peromyscus maniculatus numbers. Both species of voles were included in the index because they share common habitats and predator species (Banfield 1974) . Deer mice were included in the index because voles and deer mice were correlated (r = 0.69, P = 0.02, N = 11) and likely share some of the same predator species (Banfield 1974) . Because predator-prey relationships might lag in their numerical or functional responses to main prey, zero, one and two-year time lags were analyzed. Partial correlations were performed to determine if a potential explanatory variable (e.g. hare abundance) explained more variation in the response variable (e.g. scaup productivity) when controlling for variation in another potential variable (e.g. rodent index; Sokal & Rohlf 1995) . We also examined correlations in small mammal abundance among different sites to determine if fluctuations were geographically synchronous.
Mallard harvest age-ratio periodicity and ruffed grouse Bonasa umbellus abundance indices
Mallard productivity was estimated for northern Saskatchewan, Canada (harvest zone 2; primarily boreal forest) by calculating an age ratio (yearling:adult) from wings of harvested birds. Data were provided by the Canadian Wildlife Service who conduct the species composition survey of the migratory birds national harvest survey (see Levesque & Collins 1999 for description of survey and zones). A ratio of hatch year:adult birds is assumed to provide an index of mallard productivity for this area even though some birds harvested may have originated from other areas. Mallard harvest data were available from 1972 to 2000.
Harvest information for ruffed grouse was available for Saskatchewan over the same time period and was provided by Saskatchewan Environment's gamebird harvest survey. Harvest data were corrected for number of active hunters to provide a reliable (Cattadori et al. 2003) annual index of ruffed grouse abundance. Although the ruffed grouse data are for the entire province and not restricted to northern Saskatchewan, most ruffed grouse inhabit central and northern Saskatchewan overlapping the boreal region. Pearson correlation was used to determine if the index of mallard productivity was correlated to the index of ruffed grouse abundance. One and two-year mallard time-lag correlations were also tested. We examined data from Saskatchewan because the grouse data collected there were available over a longer time than for other provinces.
Results
Number of scaup pairs and broods varied annually and were not correlated (r = 0.07, P = 0.81, N = 13). Average number of breeding pairs was 246 (SE = 13) with the highest count (358) recorded in 1990 and the lowest (190) in 2001. Scaup productivity (ratio of broods to pairs) was much more variable, ranging from 0.07 in 2000 to 0.41 in 1992 (Fig. 2) . Hare populations peaked in 1989-1990 and in 1999-2000 . Indices of rodent density indicated peaks in 1993 and 1997-1998 (Fig. 3) .
Correlation between scaup productivity and small mammal abundance
There was a significant negative correlation between the number of scaup broods per pair and hare density index for the Yellowknife site (r = -0.75, P = 0.008, N = 11) and a significant positive correlation between scaup production and the rodent index (r = 0.68, P = 0.02, N = 11). The correlation between scaup productivity and hare density was not improved by controlling for the correlation between scaup productivity and rodent abundance for those years when data were available for all indices (1991) (1992) (1993) (1994) (1995) (1996) 1999 and 2000; r = -0.83, P = 0.01, N = 9 and partial r = -0.78, P = 0.02, N = 9). Similarly, controlling for variation in scaup productivity due to estimates of hare density did not improve the correlation between rodent abundance and scaup productivity (r = 0.76, P = 0.02, N = 9 and partial r = 0.68 P = 0.06, N = 9). Rodent abundance was not correlated with hare density (r = -0.52, P = 0.16, N = 9), and no time lag correlations were detected between hare density and scaup productivity. A two-year time lag correlation was detected between rodent abundance and scaup productivity (Table 1) . Relationships were not curvilinear (P > 0.05).
Mallard and ruffed grouse harvest
Estimates of mallard age ratio from birds harvested in northern Saskatchewan averaged 2.17 yearlings per adult with a maximum (5.22) recorded in 1975 and minimum (0.31) in 1988. Ruffed grouse harvest per active hunter averaged 3.8 with a maximum (8.0) recorded in 1987 and a minimum (1.4) in 1973. Mallard productivity and grouse harvest were not directly correlated, but correlations were significant for one and twoyear mallard time lags (Table 2) .
Discussion
Boreal predators
Boreal predators and scavengers (egg predators) observed on the YKSA and in Northern Saskatchewan that could link fluctuations of coexisting prey populations include, but are not limited to, red fox, common raven Corvus corax, northern goshawk Accipiter gentilis, northern harrier Circus cyaneus, mink Mustela vison and great horned owl Bubo virginianus. Mink, a generalist boreal predator of small mammals, ducks and their eggs (Eagle & Whitman 1987 , Banfield 1974 ) are reported to fluctuate in synchrony with abundance of prey (Keith & Cary 1991) similar to the red fox. Avian predators and scavengers like the northern goshawk (Doyle & Smith 1994) , common raven and great horned owl (Rohner et al. 2001 ) also feed on small mammals, forest birds, ducks and their eggs, with their abundance and reproduction similarly influenced by the abundance of snowshoe hares and other boreal small mammals.
Predator-prey relationships
Two hypotheses could explain the different correlative patterns observed. The shared predation hypothesis (Norrdahl & Korpimäki 2000) proposes that predators have a numerical population response to main prey density change which cause an indirect effect on predation rates of alternative prey. Predators kill main and alternative prey unselectively and could cause a decline in alternative prey density before main prey populations begin to decline (Kenward 1985 , Newton 1998 , Norrdahl & Korpimäki 2000 . The alternative prey hypothesis (Lack 1954 , Angelstam et al. 1984 ) suggests a decline in predation rate of alternative prey as main prey density increases. Predators shift to main prey as they become more abundant thus buffering the predation rate on alternative prey. As main prey become scarce, predators shift back to alternative prey. Characteristics of both predation hypotheses may explain the correlative relationships we observed between main prey abundance and waterfowl productivity.
Consistent with the shared predation hypothesis, scaup Table 2 . Correlation between estimates of mallard productivity and indices of ruffed grouse abundance in the boreal forest of northern Saskatchewan, Canada. Correlations are shown for zero (t; N = 29), one (t + 1; N = 28) and two-year (t + 2; N = 27) time lags during 1972-2000. *: P < 0.05.
Grouse abundance t t + 1 t + 2 Mallard productivity -0.11 -0.41* -0.55* productivity was negatively correlated with hare density, possibly because generalist predators were more abundant during periods of high hare populations. The predation rate on scaup and their eggs may be highest as hare populations increase or peak as a result of the numerical response of predators to main prey. This mechanism is also thought to explain the decline of ruffed grouse (alternative prey) before the decline in snowshoe hare abundance (Keith 1963 , Keith & Rusch 1988 in Norrdahl & Korpimäki 2000 . Supportive evidence for the shared predation hypothesis was observed in the correlation between ruffed grouse abundance (Fig. 4) and mallard productivity in Northern Saskatchewan. Even though these did not correlate directly, we hypothesized a direct correlation between mallard productivity and snowshoe hare abundance (which was unavailable), and by extension, a timelag correlation between mallard productivity and ruffed grouse because predator populations are likely regulated by fluctuations in hares (Begon et al. 1990 ). Some grouse populations are cyclical (Angelstam et al. 1984 , Lindström et al. 1996 , Hannon et al. 1998 , Martin et al. 2001 ) and decline one to two years prior to hares (Keith & Rusch 1988) exhibiting evidence for the shared predation hypothesis. Therefore a time lag in the correlation between mallard productivity and ruffed grouse abundance was expected.
We tested for time lag correlations between scaup productivity and hare abundance to determine if there was a lag in predator numerical response to main prey population change (Begon et al. 1990 ) that is reflected in the alternative prey population. Boutin et al. (1995) found time lag correlations between hare density and abundance of two predators, northern goshawks and great horned owls in the Yukon, Canada. We found no time lag between hare density and scaup productivity but our data are likely of insufficient duration to detect a lag.
The positive correlation between rodent abundance and scaup productivity is characteristic of the alternative prey hypothesis. When rodents (main prey) are plentiful, nesting female ducks and their eggs may be buffered from predation. When rodents are scarce, alternative prey are no longer buffered from predation and predation rates increase. This could occur through either chance encounter of all prey from changing predator search time or through active prey switching. The phenomenon has been most commonly reported for arctic ecosystems where specialist predators (e.g. arctic fox Alopex lagopus) of lemmings Lemmus spp. and Dicrostonyx spp. switch to alternative prey (nesting birds and their eggs) when lemmings are scarce (Pehrsson 1986 , Summers & Underhill 1987 , Underhill et al. 1993 , Bêty et al. 2001 , Wilson & Bromley 2001 .
A strongly negative two-year time lag correlation was found between the rodent composite index and the index of scaup productivity. However, the significant time lag correlation found is likely an artifact caused by the 3-5 year periodicity of the rodent cycle , Norrdahl & Korpimäki 2000 , our study). The two-year time lag (half the cycle length) produced a strong negative correlation when there was a strong positive correlation for zero time lag.
Our observations do not allow a rigorous test of both hypotheses though our results are consistent with predictions of both. If predation is the main mechanism linking fluctuations in the hare and rodent populations with waterfowl productivity then we suspect the predator communities exploiting the two main prey types are different and have different response to change in density of these two main prey types with respect to their effects on alternative prey. Conversely, its also likely the two main prey types have predator species in common. More direct study of the dynamics of the boreal predator community are needed to help further understand the mechanisms that influence boreal waterfowl productivity.
Synchrony of small mammal cycles
Populations of rodents in the boreal region appear to be cyclic, fluctuating at 3-5 year intervals independently of the 8-13 year hare cycle (Boutin et al. 1995, our study) . Lindén (1988) reports similar cycle lengths for rodents and mountain hare L. timidus in Finland though the 10-year cycle in Europe is not as pronounced as in North America. Further, evidence for the 10-year predator-prey Grouse harvested per active hunter Mallard age ratio cycle was observed in the indices of productivity for another migratory bird, the whooping crane Grus americana nesting in boreal forest (Boyce & Miller 1985) .
Our analyses suggest that scaup productivity was correlated with rodent abundance independent of the correlation with hare abundance. From this scant evidence, we cannot determine how these two apparently independent cycles interact with each other and the predator community, however, synchrony of mammal cycles over large geographical areas may have a greater impact on the variability of continental duck populations than if synchrony were lacking, assuming a cause and effect relationship. Estimates of hare density were highly correlated among several locations though correlation does not appear to be related to distance (Table 3, see Fig.  1 ) as others found (Lindström et al. 1996) . No synchrony was detected with the rodent index suggesting the rodent cycle may make less of an indirect impact on continental waterfowl populations. Evidence for a potential cyclical effect of predation on boreal ducks, their eggs and young may explain a significant amount of the variation in boreal duck productivity. However, correlation does not equal causation and other potential mechanisms in addition to top-down predator regulation need to be assessed for boreal waterfowl production. For example, annual variability in food supply and environmental and habitat conditions (e.g. Pehrsson 1986 , Pietz et al. 2000 could directly affect small mammals and ducks. Further (experimental) tests of factors influencing waterfowl survival and reproduction in boreal forest are needed. Table 3 . Correlation matrix of annual indices of snowshoe hare density and rodent abundance for four and three locations, respectively, in boreal forest, Northwest Territories, Canada. Hare density is estimated from counts of faecal pellets during 1989-2001, and the rodent index is a composite index of red-backed (Clethrionomys spp.) and meadow (Microtus spp.) voles, and deer mice Peromyscus maniculatus indexed using snap traps during 1991-2001. The rodent index was not available (n.a.) for the Mackenzie Bison Sanctuary. Sample size (N = years) is given in parentheses. *: P < 0.01. 
